Clip-domain serine proteases (Clip-SPs) mediate innate immunity and embryonic development in insects. However, the function of Clip-SPs in Apis cerana cerana is little known. Here, a Clip-SP gene, AccSp1, was identified. AccSp1 was mainly detected in third and sixth day instar larvae, dark-eyed pupae, and adults (1and 30 days post-emergence). In addition, AccSp1 was expressed at its highest level in the venom gland and epidermis than tentacle, abdomen, muscle, honey sac, head, leg, chest, hemolymph, rectum, and midgut. AccSp1 was induced by 4, 24, and 44°C; H 2 O 2 ; CdCl 2; HgCl 2 ; and pesticides (paraquat, pyridaben, and methomyl) and was inhibited by UV light and cyhalothrin treatments. When adults that had been pretreated with dsRNA 6 h prior (knocking AccSp1 down) were challenged with Bacillus bombysepticus for 18 h, the survival rate of bees greatly decreased, the activity of PO (phenoloxidase) was reduced, revealing that AccSp1 may play a critical role in assisting bees to survive the microbial infection and participate in regulating PO activity. The antioxidant enzymatic activities of catalase, peroxidase, and superoxide dismutase; the contents of hydrogen peroxide and malondialdehyde; and the ratio of NADP + /NADPH were all lower in samples containing dsRNA-AccSp1 interference than in control groups, but the content of carbonyl was not significantly different. These findings suggest the knockdown of AccSp1 may influence melanization so that the antioxidant enzyme activities and the harmful metabolites decreased. These results collectively suggest that AccSp1 plays critical roles in abiotic stresses responses and resistance to pathogens.
Introduction
The chymotrypsin-like serine proteases (SPs) constitute one of the best-characterized protease families (Rawlings and Barrett 2000) and are characterized by a conserved domain containing the catalytic triad His-Asp-Ser. SPs are commonly synthesized as inactive zymogens and activated by proteolytic cleavage at a particular peptide bond, and each active protease activates the subsequent zymogen to amplify physiological or pathological signals. Recent studies have showed that SPs in Manduca sexta, Drosophila, and the beetle Tenebrio molitor participated in the prophenoloxidase (PPO) activation pathway (Gorman et al. 2007; Jiang et al. 2005) , the Toll signaling pathway in the immune response (Levitin and Whiteway 2008) , and both the PPO and Toll pathways Kan et al. 2008) , respectively. When pathogens enter insects, soluble pattern recognition proteins initially recognize pathogen-associated molecular patterns from the invading microorganisms (Yu et al. 2002; Wang and Jiang 2006) in the PPO activation pathway. This recognition promoted the activation of an SP cascade, leading to the activation of a prophenoloxidase-activating protease (PAP) (Gorman et al. 2007) . Activated PAP cleaves PPO to form phenoloxidase (PO) (Jiang et al. 2003) . PO catalyzes the oxidation of phenols to quinones that spontaneously polymerize to form melanin, kill pathogens, and heal wounds (Nappi and Christensen 2005) . The Toll molecule was originally shown to be a type 1 transmembrane receptor that controls dorsal-ventral patterning of Drosophila embryos (Hashimoto et al. 1988 ) and was later identified to be involved in host resistance against pathogens ( Lemaitre et al. 1996) .
Clip-domain serine proteases (Clip-SPs) are the largest group of regulatory modules with one or more conserved clip domains and were first identified in horseshoe crab (Smith and Delotto 1992) . These Clip-SPs participate in embryonic development and defense responses, including hemolymph coagulation, activation of PPO that leads to melanin synthesis (Piao et al. 2005; Levashina et al. 1999) , melanotic encapsulation, induction of synthesis of antimicrobial peptides secreted into the hemolymph (Nappi and Christensen 2005) , and activation of cytokines (Jiang and Kanost 2000) . Clip-SPs in Drosophila, such as Grass, Spirit, Persephone, and spätzle-processing enzyme (SPE), are involved in the activation of the Toll pathway, that stimulates synthesis of antimicrobial peptides (Castillejo-López and Häcker 2005) .
A genome-wide analysis of the structures, evolutionary relationships, and the mRNA levels of Apis mellifera SPs and serine protease homologs (SPHs) in adults after a microbial challenge (Zou et al. 2006 ) provided a framework for designing experimental studies of the roles of SPs in immune responses, so the functions of SPs (including AmSp1) can be further studied. Compared with A. mellifera, Apis cerana cerana has some advantages such as the capability of long-distance flight and disease resistance. In recent decades, the population of A. cerana cerana has declined severely because of an epidemic of honeybee diseases and the environmental stresses (Li et al. 2012a (Li et al. , 2012b . To date, serine proteases have been widely considered to play a crucial role in insect immunity and development. However, little is known about the structures and functions of Clip-SPs in A. cerana cerana. Therefore, the study of SPs in A. cerana cerana is essential. Here, we identified a Clip-SP from A. cerana cerana, AccSp1, and hypothesized that AccSp1 may be required for host defense; then, we investigated its role by performing gene expression analyses, RNA interference of AccSp1, examining survival rate and PO activity, and determining antioxidant enzyme activities and the metabolite contents of samples of RNAi-AccSp1-infected with Bacillus bombysepticus (gram-positive bacterium, Bb). Our results showed that AccSp1 played important roles in abiotic stresses and insect immunity, and provided a new insight into further exploring the functions of SPs.
Materials and methods

Specimens and treatments
Chinese honeybees (A. cerana cerana) from Shandong Agricultural University (Taian, China) were used in the following experiments. The honeybees in the experiments were used at different stages as previously described (Gao et al. 2017) according to the criteria of Michelette and Soares (1993) . Eleven groups of adult workers (1-day-old post-emergence) were formed (n = 40 bees/group). The bees in groups 1-3 were exposed to different temperatures (4, 24, and 44°C, respectively) . Groups 4-5 were subjected to HgCl 2 (3 mg/mL) and CdCl 2 (3 mg/mL), respectively, that was added to their food. Group 6 was injected with H 2 O 2 (0.5 μL of a 2-mM solution). Bees in group 7 were exposed to ultraviolet (UV) light (30 mJ/cm 2 UV). Pesticides (paraquat, pyridaben, methomyl and cyhalothrin, diluted to 20 mg/L) were daubed on the thoracic notum of worker bees in groups 8-11, respectively. Control bees were within the 11 groups that were either not treated or were treated with water. All samples were collected at specific times (time of sampling after honeybees were treated, such as 1, 2, or 3 h, etc., each sample included three individuals, and each treatment was repeated thrice) and stored at − 80°C.
Bacillus bombysepticus (gram-positive bacterium, Bb) was preserved in our laboratory. After growing for 20 h in LB liquid culture, Bb was washed and suspended in phosphate-buffered saline (PBS). A 0.5-μL aliquot of a suspension containing 10 Bb cells was injected into the honeybees' hemocoel.
RNA extraction, cDNA synthesis, and cloning of the open reading frame of AccSp1
Total RNA was extracted with TRIzol reagent (TransGen Biotech, Beijing, China) from the honeybees according to the manufacturer's instructions. RNase-free DNase I was applied to the RNA samples that were reverse transcribed using TranScript FirstStrand cDNA Synthesis SuperMix (TransGen Biotech) . The open reading frame (without its 5′ and 3′ cDNA ends) of AccSp1 was subsequently cloned using primers S1P1 and S1P2 (listed in Table 1 ).
PCR amplification conditions and primers
The PCR amplification conditions and primers are listed in Tables 2 and 1 .
Bioinformatic analysis
Molecular Evolutionary Genetic Analysis version 4.0 with the neighbor-joining method was used to perform the phylogenetic analysis. The conserved sequences, homologous sequences, molecular mass, and advanced structure of AccSp1 were determined as previously described (Gao et al. 2017) .
RT-qPCR analysis
RT-qPCR was used to analyze the level of AccSp1 transcription and was performed using SYBR Premix Ex Taq (TaKaRa, Dalian, China) and a CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA) as described by Gao et al. (2017) . The housekeeping gene β-actin from A. cerana cerana (XM640276) was used as an internal control. The primers (S1Q1 and S1Q2) used for RT-qPCR are listed in Table 1 .
RNAi of AccSp1 and Western blotting
AccSp1 cDNA was used as a template to generate dsRNAAccSp1(dsSp1). The sequence of the dsRNA ranged from bases 1 to 464 of the AccSp1 cDNA. The gene of the green fluorescent protein (GFP) (GenBank accession number: U87974) was used as a negative control and lacked a homologous sequence in A. cerana cerana genes. The primers S1R1/S1R2 and GR1/GR2 (listed in Table 1 ) contained T7 polymerase promoter sequences at their 5′ ends and were used to amplify the target sequences of the two genes, according to the following conditions, 10 min at 94°C, 40 cycles (40 s at 94°C, 40 s at 64°C, and 40 s at 72°C), and a final extension of 10 min at 72°C. The dsRNAs of AccSp1 and GFP were then synthesized using RiboMAX T7 large-scale RNA production systems (Promega, Madison, WI, USA), and the purified PCR products were used as the template. The dsRNA that had been digested using DNase I was redissolved in RNase-free water for the RNAi experiment. Next, dsRNAAccSp1 (dsSp1) (6 μg/individual) or dsRNA-GFP (dsGFP) (6 μg/individual) was injected into the hemolymph cavity (at the junction of the chest and abdomen) of each adult (1-dayold post-emergence in summer) using a microsyringe 6 h before challenge with Bb (10 Bb cells injected per bee). RNasefree water (0.5 μL) without dsRNA was used as another control and injected into the hemolymph cavity of each adult 6 h before challenge with Bb (10 Bb cells injected per bee). Other adults used in survival assay were injected with only dsRNAAccSp1, PBS, or Bb (10 Bb cells injected per bee). The adults (pretreated with dsRNA 6 h before administering Bb) were maintained in an incubator with 70% relative humidity at 34°C under a 24-h dark regimen for 18 h before sampling (three insects for each treatment). RT-qPCRs were performed to determine the transcription levels of the mRNA of AccSp1 in different treatments. The primers (S1Q1 and S1Q2) used for RT-qPCR are listed in Table 1 . Using a Tissue Protein Extraction Kit (ComWin Biotech, Beijing, China) according to the manufacturer's protocol, we extracted total protein from the silenced and control honeybees and quantified it using a BCA Protein Assay Kit (Thermo Scientific Pierce, IL, USA). These proteins were then used for Western blotting analysis as previously described (Gao et al. 2017 ). An anti-AccSp1 antibody was generated in rabbit against the synthetic peptide LNNDADFRPQNVRP (residues 222-236 of AccSp1) and was used at 1/512,000 dilution. Anti-β-actin (Sigma, USA) was used as a control. Survival studies were performed in the above conditions. Ten adults were used for each treatment in survival experiments, and each bioassay was replicated three times.
Phenoloxidase activity
The total activatable PO activity of honeybees subjected to various conditions was determined using a microplate enzyme assay. Protein concentrations were measured using a BCA Protein Assay Kit (Jiancheng, Nanjing, China). A 20-μL sample of protein extract in 45 μL of PBS containing protease inhibitors was mixed with 135 μL of PBS saturated with L-3,4-dihydroxyphenylalanine (Sigma, USA). After the samples were incubated for 30 min at room temperature, their absorbance at 490 nm was measured using a BioTek Synergy™ 2 Multi-Mode Reader (BioTek Instrument, Inc. Winooski, Vermont, USA). One unit of PO activity was defined as the amount of enzyme producing an increase in absorbance (ΔA 490 ) of 0.001/μg.min. Each experiment was repeated at least three times. Enzymatic activities and metabolite contents of samples with AccSp1 silenced by RNAi Total proteins extracted from whole bee adults under the various conditions of RNAi-AccSp1 described above were quantified using a BCA Protein Assay Kit (Jiancheng, Nanjing, China). The peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) capacities were then determined using a POD test kit, an SOD test kit, and a CAT assay kit (the catalog numbers are A084-1, A001-2-1, and A007-2, respectively, Nanjing, Jiancheng, Bioengineering Institute, Nanjing, China), respectively, that had been produced by the Nanjing Jiancheng Institute. Hydrogen peroxide, malondialdehyde, and carbonyl contents were determined using a hydrogen peroxide test kit, a malondialdehyde assay kit, and a protein carbonyl test kit according to the manufacturer's protocols, while the Amplite colorimetric NADP + / NADPH ratio was determined using an NADP/NADPH ratio assay kit (A115, Nanjing, Jiancheng, Bioengineering Institute, Nanjing, China).
Statistical analysis
Statistics were performed using the means ± standard deviation (SD) of the data, with n = 3 (triplicate experiments). Data were subjected to multiple comparisons by analysis of variance (ANOVA). Statistical significance was determined by Duncan's multiple range test using the Statistical Analysis System (SAS) version 9.1 software program (SAS Institute, Cary, NC, USA) and IBM SPSS 22. The level for differences to be significant was set at p < 0.05.
Results
Characterization of AccSp1
The open reading frame of AccSp1 (GenBank accession number: XP-016912812.1) was obtained, is 1104 bp long, and encodes a 367-amino acid polypeptide with a predicted isoelectric point (pI) of 7.52 and molecular mass of 40.92 kDa. The AccSp1 protein sequence was aligned with the sequences of homologous proteins from other species, specifically Drosophila melanogaster spätzle-processing enzyme (NP_651168.1), Drosophila melanogaster Persephone (NP_573297.1), Drosophila melanogaster Snake (isoform A, NP_524338.2), A. mellifera Sp10 (XP_001120043.2), and Manduca sexta HP6 (AAV91004.1). Figure 1a shows that AccSp1 shares a high amino acid identity between AccSp1 and other SPs. In addition, the sequence analysis indicates that AccSp1 is a typical serine protease with three highly conserved sequences (TAAHC, DIAL, and GDSGGF) that contain the His 153 , Asp 217 , and Ser 313 residues that form a catalytic triad that is essential for a serine protease's catalytic functions (Jiang and Kanost 2000) . The protein active site (Lys  108 and Ile   109 ) was predicted to be formed when AccSp1 was cleaved and activated with a molecular mass of 29.02 kDa. The tertiary structures of AccSp1 and the cleaved AccSp1 were predicted by Swiss-Model, and the active site of protein, the catalytic triad residues (His, Asp, and Ser), and the clip domain were shown in Fig. 1b, c. A phylogenetic tree was also constructed to investigate the kinds of AccSp1 protein that are present among AccSp1 and its homologs (listed in Table 3 ) in insects. These proteins are the terminal proteases in a known pathway (such as Drosophila Easter, Manduca HP8, and Drosophila SPE) or the penultimate proteases at the penultimate proteolytic step of a pathway ). Phylogenetic analysis revealed that AccSp1 was more closely related to AmSp1 than to homologs in other species, as shown in Fig. 2 .
Expression of AccSp1 in different developmental stages, different tissues, and under a variety of environmental stresses
To better understand the functions of AccSp1, we performed RT-qPCRs using total RNA extracted from larvae, pupae, adults, various tissues of adults, and 1-day post-emergence adults treated with various stresses. AccSp1 was mainly expressed in third and sixth day instar larvae and pupae (white eyes (Pw), pink eyes (Pp), brown eyes (Pb), and dark eyes (Pd)) and adults (A1, 1 day post-emergence and A30, 30 days post-emergence). The expression levels were higher in 1-and 30-day post-emergence adults than in others (Fig. 3a) . AccSp1 was expressed most in the venom gland (VG), followed by the epidermis (EP) (Fig. 3b) . One-day post-emergence adults were subjected to different temperatures (4, 24, and 44°C), H 2 O 2 , heavy metals (CdCl 2 and HgCl 2 ), UV light, and pesticides (paraquat, pyridaben, methomyl, and cyhalothrin). Figure 4a , b shows that the expressions of AccSp1 were upregulated except 5 h at 4°C and 1 h at 24°C; Fig. 4c shows that the transcription of AccSp1 was induced at 1 and 5 h at 44°C; under H 2 O 2 exposure, the expression of AccSp1 was upregulated at all time points (0.5, 1, 3, and 4 h) (Fig. 4d) ; CdCl 2 treatment caused upregulation of AccSp1 expression especially at 3 and 24 h (Fig. 4e) ; different from CdCl 2 treatment, the level of AccSp1 transcription was upregulated except at 2 h under HgCl 2 challenge (Fig. 4f) . AccSp1 was upregulated during paraquat, pyridaben, and methomyl pesticide stresses, respectively (Fig. 4g, h, i) . In contrast, AccSp1 expression decreased in response to cyhalothrin and UV treatments (Fig. 4j, k) .
Knockdown of AccSp1
We performed RNAi experiments to confirm the role of AccSp1 in immunity. One-day post-emergence adults were treated as above. RT-qPCR results showed that the level of the AccSp1 transcript was lowest in the dsSp1-injected group 6 h (Fig. 5a) . A Western blotting analysis showed a lower protein level of AccSp1 in the adults (pretreated with dsSp1 6 h before administering Bb 18 h) compared with the control groups (Fig. 5b) . In addition, we found that all died within 12 h when adults were pretreated with 8 μg/individual dsSp1 before administering Bb, as shown in Fig. S1 (provided as Supporting Materials). The above indicated that AccSp1 was successfully knocked down.
Survival of adults after knockdown of AccSp1
Knockdown of AccSp1 by RNAi caused a drastic decrease in the survival ability of the adults challenged with Bb. Bees injected with PBS had a 90% survival rate, while bees injected with Bb had a 50% survival rate, bees injected with dsSp1 had a 70% survival rate, bees injected with dsGFP plus Bb had a 30-40% survival rate, bees injected with RNase-free water plus Bb had a 30-40% survival rate, and bees injected with 
PO activation after knockdown of AccSp1s
To examine the effect of AccSp1 on the melanization reaction, which plays an important role in insect immunity (Mavrouli et al. 2005; Jiang et al. 2010 ), we measured PO activity in adults receiving various treatments. The results indicated that the PO activity in adults receiving the RNAi of AccSp1 was less than that of the controls (injected dsGFP plus Bb and RNase-free water plus Bb) (Fig. 7) .
Determination of antioxidase activities and metabolite contents after knockdown of AccSp1
The POD and SOD capacities of the adults after AccSp1 had been silenced were less than those of the control groups (Fig. 8a, b) .
The hydrogen peroxide and malondialdehyde contents and the ratio of NADP + /NADPH in samples after AccSp1 RNAi treatment were also lower than those in the control groups (Fig. 9a-c) . However, the capacity of CAT and content of carbonyl were not significantly different in the groups (Figs. 9d and 8c ).
Discussion
Insects have developed an efficient host defense against microorganisms (Boman 1995; Hoffmann 1995) in which serine proteases, including Clip-SPs (that have one or more conserved clip domains), play a significant role (Zou et al. 2006; Krem and Di Cera 2002; Rawlings and Barrett 1993) . These studies of SPs were performed in Manduca sexta (Jiang et al. 2003; Satoh et al. 1999) , Drosophila melanogaster (Lemaitre et al. 1996) , horseshoe crab (Iwanaga et al. 1998) , and Anopheles (Christophides et al. 2002) . However, their precise functions Fig. 3 Expression profiles of AccSp1 during different developmental stages and in different tissues. a The levels of AccSp1 mRNA transcripts during the following developmental stages: egg, larvae from the first to sixth instars (L1-L6), pupae (PP prepupae, Pw white eyes, Pp pink eyes, Pb brown eyes, Pd dark eyes), and adults (A1 1 day postemergence, A15 15 days postemergence, A30 30 days postemergence). b Comparison of AccSp1 expression to β-actin expression in the epidermis (EP), tentacle (TT), venom gland (VG), abdomen (AD), muscle (MS), honey sac (HS), head (HD), leg (LG), chest (CH), hemolymph (HM), rectum (RT), and midgut (MG). The data represent the means ± SEM (n = 3). Letters above the columns indicate significant differences (P < 0.05) as determined by Duncan's multiple range tests using the SAS software version 9.1 remain unclear in the Chinese honeybee. We identified a serine protease named AccSp1 in the Chinese honeybee. To gain insight into the functions of AccSp1, we investigated its expression in different developmental stages, different tissues, and response to a variety of unfavorable environmental stresses. Meanwhile, we knocked down the gene, followed by examining the survival, the activities of PO, and antioxidase activities of adults, quantifying metabolite content. The results demonstrated that AccSp1 was involved in the defense of abiotic stresses and played important roles in insect immunity.
A sequence analysis (Fig. 1a) indicated that AccSp1 is a typical serine protease with three highly conserved sequences (Black frames I, II, and III) and a catalytic triad (residues His )) was a Clip-SP with a clip domain. Based on overall sequence comparisons and some individual Fig. 4 The profiles of AccSp1 expression under different abiotic environmental conditions. These conditions were a 4°C, b 24°C, c 44°C, and the presence of d H 2 O 2 , e CdCl 2 , f HgCl 2 , g Paraquat, h pyridaben, B methomyl, j cyhalothrin, and k UV light. Total RNA was extracted from control (0 h) and treated adult bees; RT-qPCR was then performed. The β-actin gene was used as an internal control. The data represent the means ± SEM (n = 3). Letters above the columns indicate significant differences (p < 0.05) as determined by Duncan's multiple range tests using the SAS software version 9.1 sequence features of their domains, Clip-SPs fall into two groups (Jiang and Kanost 2000) . One clade contains the enzymes that activate PPO or spätzle (terminal proteases). The other clade contains enzymes that operate upstream in the pathway and have terminal proteases as their substrates (penultimate proteases). The basic residue in all active terminal proteases is Lys or Arg, but this residue is a Leu, His, or Ser in penultimate proteases ). These two groups of enzymes also differ consistently in the length of the sequence between the third and fourth Cys residues of their clip domains. The clip domains of terminal proteases have 22-24 residues between Cys-3 and Cys-4, and PPO or spätzle is the substrate of this type of SPs. In contrast, the clip domains of penultimate proteases typically have 15-17 residues at the same position, and this type of SPs activates downstream enzymes (Jiang and Kanost 2000) . Our sequence alignment revealed that the active site of AccSp1 has a Lys and 24 residues separate Cys-3 and Cys-4. This prediction was consistent with the phylogenetic tree, revealing that AccSp1 is a terminal protease.
Serine proteases, including SPHs, play a variety of roles in development (Gao et al. 2017; Krem and Di Cera 2002) . Our transcriptional analysis of AccSp1 during various developmental stages revealed that it was higher expressed in L3 and L6 of larvae; Pw, Pp, Pb, and Pd of pupae; and A1, A15, and A30 of adults (Fig. 3a) . The expression of AccSp1 was highest in 30-day post-emergence adults, followed by 1-day post-emergence adults. These results indicated that AccSp1 participates in the development of larvae, pupae, and adults and maintained their immune functions. The tissuespecific expression analysis of AccSp1 revealed that the expression of AccSp1 was highest in the venom gland, followed by the epidermis EP (Fig. 3b) . Venom in venom glands consists of a complex mixture of proteins, peptides, and small molecules, many of which disrupt the nervous system of target organisms (King and Hardy 2013) , and has a functional importance for prey capture, predator defense, and competitor deterrence (Fry et al. 2009; Casewell et al. 2013) . The highest level of AccSp1 transcription in venom glands showed that AccSp1 may be involved in its function. EP is a stratified epithelium that constitutes the ultimate barrier between the organism and its environment and is populated by cells with non-epithelial origins, mainly melanocytes and dendritic immune cells called Langerhans cells (Leśniak and GraczykJarzynka 2015) . The higher expression level of AccSp1 in EP indicated that AccSp1 may participate in the resistance of EP to external hazards by promoting the melanization and sclerosis of EP.
Honeybees are frequently exposed to diverse types of unfavorable environmental stresses, including cold, heat, heavy metals, H 2 O 2 , UV radiation, pesticides, and microorganisms such as bacteria and viruses. Temperature is an abiotic environmental factor that induces physiological changes in organisms and damages insects (An and Choi 2010) . Heavy metals destroy the activity of the insect antioxidant enzyme system and cause cell damage (Li et al. 2005) . UV radiation is also a powerful and harmful environmental stress for most animals (Schauen et al. 2007 ). H 2 O 2 , a typical oxidant, causes oxidative damage, resulting in cell death (Goldshmit et al. 2001) . Pesticides are ubiquitous environmental contaminants and include insecticides, fungicides, herbicides, and others. In our study, AccSp1 was induced by temperatures of 4, 24, and 44°C; H 2 O 2 ; CdCl 2 ; HgCl 2 ; and pesticides (paraquat, pyridaben, and methomyl), although there were different increased amounts and expression patterns. The best survival temperature of A. cerana cerana was approximately 34°C, Fig. 5 Effects of RNA interference on mRNA and protein levels of 1-day post-emergence A. cerana cerana adults. a The expression levels of AccSp1 of adults after knockdown of AccSp1 for 6 h. The β-actin gene was used as an internal control. The data represent the means ± SEM (n = 3). Letters above the columns indicate significant differences (p = 0.001), as determined by Duncan's multiple range tests using the SAS software version 9.1. b Western blot analysis of AccSp1 of adults (pretreated with dsRNA 6 h before administering Bacillus bombysepticus). The control groups included dsGFP plus Bb and water plus Bb. The β-actin protein was used as an internal control. All lanes were loaded with equivalent amounts of protein (50 μL, 5 μg/μL) so 4, 24, and 44°C were extreme temperatures. Cold damage globally affects biological structures and processes and is a primary cause of insect death (Hodkova and Hodek 2004; Koštál et al. 2004 Koštál et al. , 2007 . When the temperature is higher than a certain range, it can induce water imbalance, membrane destruction, structural changes to DNA and proteins, and changes the ion concentration in cells (Yoder and Denlinger 1991; Hallman and Denlinger 1998) . So, the higher expression of AccSp1 at 4, 24, and 44°C was to protect honeybees from the damage of low-or high-temperature stresses. Our previous study has also demonstrated that AccSp10 (a serine protease) was upregulated after exposure to HgCl 2, H 2 O 2 , paraquat, and especially extreme temperatures (Gao et al. 2017 ). Similar to our findings, expression level of some serine proteases in Daphnia pulex were induced when subjected to heat stress (Dölling et al. 2016) ; the expression of prC (a serine protease gene) in the fungus was upregulated by H 2 O 2 and heat shock to implicate for fungal survival (Zou et al. 2010) ; cadmium highly induced serine proteases expression in Arabidopsis thaliana (Golldack et al. 2003) . However, the expression of AccSp1 was inhibited by UVand cyhalothrin treatments. Cyhalothrin, a lipophilic insecticide, hinders phospholipid orientation and leads to changes in membrane fluidity (Vaalavirta and Tähti 1995) . One reason for this result was Fig. 6 Survival function and survival of adult bees (pretreated with dsSp1 6 h before administering Bacillus bombysepticus). a Survival function of adult bees. b Survival of adult bees. Groups of 10 adult bees were pretreated with dsRNA 6 h before challenging with Bacillus bombysepticus. The control groups included PBS, Bacillus bombysepticus, dsSp1, dsGFP plus Bacillus bombysepticus, water plus Bacillus bombysepticus, and no treatment (control). The experiment was repeated three times and gave the same results. Comparisons of survival curves were conducted using a log-rank (Mantel-Cox) test therefore that AccSp1 might play different roles in resistance to UV light and cyhalothrin treatments or might be involved in different signal transduction processes (for example, under UV light and cyhalothrin treatments, whether the inhibition of AccSp1 promotes the opening of other protective mechanism, that should be further explored). Our results suggest that AccSp1 plays a critical role in resisting environmental stresses.
We further investigated the function of AccSp1 by using a specific dsRNA to suppress its expression through systemic RNAi when pathogen intruded into A. cerana cerana. Bb was first separated from a sick silkworm and identified by Hartman (1931) . Bb triggers host immune responses, including cellular immune responses, the serine protease cascade melanization response, and the production of antimicrobial peptides (AMPs), including those of the attacin, lebocin, enbocin, gloverin, and moricin families (Huang et al. 2009 ). In our study, the gram-positive bacterium Bb was used on A. cerana cerana to further determine the role of AccSp1 in immunity. When adults that had been treated with dsRNA 6 h prior (knocking AccSp1 down) were challenged with Bb for 18 h, the mRNA level of AccSp1 was downregulated at 6 h ( Fig. 5a) , and the protein level of AccSp1 was greatly lower in these samples (pretreated with dsSp1 6 h before administering Bb 18 h) than the controls (Fig. 5b) , indicating dsRNA of AccSp1 successfully interfered with the mRNA level of AccSp1 and protein level of AccSp1 of honeybees. In addition, the adults pretreated with 8 μg/individual dsSp1 before administering Bb all died within 12 h (Fig. S1 ), manifesting that when the concentration of dsSp1 reached to a certain limit, the protein level of AccSp1 was diminished, causing the death of all the honeybees in a very short period of time that similarly indicated that the result of RNA interference was effective. All the above revealed that AccSp1 was successfully knocked down.
When pathogenic bacteria that enter the human body or reside in the body normally are largely multiplied, they can cause inflammation and an imbalance of immune responses (Rittirsch et al. 2008) . Interactions between pathogen and host are associated with regulated pathways that govern a variety of cellular activities and bring about structural and functional disorders within cells that affect survival and the fate of the host. The α-toxin protein secreted by Bb bind to BmGRK2, a key GPCR regulatory kinase, leading to continuous upregulation of its downstream effects including increase in cAMP and Fig. 8 Effects of AccSp1 knockdown on antioxidant enzymatic activities of a POD, b SOD, and c CAT. Whole-bee homogenates were analyzed using a test kit according to the manufacturer's protocol. The control groups included dsGFP plus Bb and water plus Bb. Each value is given as the mean (SD) of three replicates. Different letters above the bars indicate significant differences (p < 0.001) according to the SAS software Fig. 7 Effects of AccSp1 knockdown on PO activity. The whole-bee homogenates were analyzed using a test kit according to the manufacturer′s protocol. PO activity was measured using dopamine as a substrate. The control groups included dsGFP plus Bb and water plus Bb. The data represent the means ± SEM (n = 3). Different letters above the bars indicate significant differences (p < 0.05) according to the SAS software activation of PKA, etc. that induced host death (Lin et al. 2016) . In our study, we found that the survival rate of bees was high, approximately 70% when they were injected only with dsSp1, compared with the survival rate of dsSp1-treated adults injected with Bb that was significantly decreased to approximately 10-20% (Fig. 6) . We speculated that AccSp1 might play an important role in eliminating Bb and Bb secreted toxins, or resisting the toxins that perturb signaling pathways to cause the death of bees. This mechanism needs to be studied further.
The melanization is one of the humoral immune responses that are made of a number of serine proteases (SPs) and phenoloxidase (PO) cascades. This reaction can lead to the formation of melanin that is responsible for the detecting and killing of the pathogen, the healing of the wound, and the formation of cysts and nodules (An and Choi 2010) . PO with two copper ions in its catalytic center is a key metalloenzyme in the formation of melanin (Kim et al. 2002) that is usually found in the form of inactive prophenoloxidase (PPO). When pathogens are identified in insects, a cascade of activated serine proteases results in the cleavage of the pro-form of prophenoloxidase-activating enzyme that is capable of cleaving prophenoloxidase (PPO) directly into active PO that is responsible for the formation of melanin. PO activation in hemolymph plasma is an important and easily observed component of immune defense; so, to further test the role of AccSp1 in immunity, we measured the PO activity in the total protein of adults. Figure 7 shows that the knockdown of AccSp1 reduced the level of PO activity. The simplest interpretation was the decrease of transcription level of the PPO gene and content of activated PO, or concomitant depletion of PO protein in the hemolymph. That is to say, the knockdown of AccSp1 might reduce transcription, and translation of the PPO gene, reducing PPO protein, and thus the content of active PO protein. A few causal factors such as enzymatic activation or inactivation associated with PO activity, concentration changes of PO inhibitors, etc., may contribute to the reduction of PO activity. The biological mechanisms involved in the PPO pathway are complex and require further study. Our study suggests that AccSp1 may influence immunity in honey bees by regulating PO activity.
Innate immune responses include phagocytosis and the production of cell adhesion molecules, pattern recognition molecules, reactive oxygen intermediates (ROIs), reactive nitrogen intermediates (RNIs), proapoptotic molecules, antimicrobial peptides, and molecules associated with iron and the maintenance of intracellular redox homeostasis (Nappi and Christensen 2005; Dziarski 2004 ). Insects can produce some harmful free radicals during removal of the pathogen by natural immune reactions, such as during the melanization; the Fig. 9 Effects of AccSp1 knockdown on a malondialdehyde, b hydrogen peroxide, c the NADP + /NADPH ratio, and d carbonyl. Whole-bee homogenates were analyzed using a test kit according to the manufacturer's protocol. The control groups included dsGFP plus Bb and water plus Bb. Each value is given as the mean (SD) of three replicates. Different letters above the bars indicate significant differences (p < 0.001) according to the SAS software reaction process from dopamine to melanin may produce large numbers of harmful oxygen radicals, so strict regulation is required (Hasegawa 2010) .The synthesis of melanin generates H 2 O 2 and consumes GSH (Meyskens et al. 1999) . Hydrogen peroxide causes oxidative damage to DNA, proteins, and lipids . Melanogenic intermediates readily initiate and enhance oxidative damage (Crippa and Mazzini 1983) . One of the main products of lipid peroxidation is malondialdehyde, which is an indirect measure of the damage caused to the cell membrane during the peroxidation of lipids by free radicals. In many prokaryotic and eukaryotic organisms, a variety of antioxidant systems, various proteins and enzymes (i.e., SOD, CAT, and POD) play a significant role in resisting oxidative damage. SODs are regarded as the first line of defense against reactive oxygen species (ROS); by converting superoxide radicals to oxygen and hydrogen peroxide (Corona et al. 2005) , SODs play vital roles in reducing oxidative stress in cells (Greenberger and Epperly 2004) . CAT and POD may be involved in scavenging hydrogen peroxide (Corona and Robinson 2006) . NADPH plays a crucial role as a donor of electrons that act as reducing equivalents and maintain thiol-disulfide protein activities (Liang et al. 2013) . In this study, we found that the SOD and POD activities of adults with AccSp1 knockdown were lower than those of controls (dsGFP plus Bb and water plus Bb), except change of CAT activity was not conspicuous, revealing that A. cerana cerana might be exposed to a lower level of superoxide when AccSp1 was suppressed (Fig. 8 ). In addition, the H 2 O 2 and malondialdehyde contents and the NADP + /NADPH ratio of samples in which AccSp1 had been silenced were lower than those of control groups; however, the level of protein carbonyls barely changed, indicating that the knockdown of AccSp1 reduced the products (such as H 2 O 2 , malondialdehyde, and the NADP + /NADPH ratio) of oxidative stress (Fig. 9) . AccSp1 might affect the oxidative stress of A. cerana cerana when it is involved in the innate immunity process.
A. cerana cerana and A. mellifera are two sibling species of Apidae. A. cerana cerana is adept at collecting sporadic nectar in mountain and forest regions, and exhibits acarid resistance and stiffer hardiness as a result of natural selection, whereas A. mellifera has the advantage of secreting royal jelly, and exhibits a transcriptome difference in the hypopharyngeal gland (Liu et al. 2014) . The function of hemolymph in energy storage, odor communication, and antioxidation was of equal importance for the western and eastern bees (A. mellifera and A. cerana cerana). However, the different bee species have developed unique strategies to match their specific physiology using hemolymph to deliver nutrients and in immune defense (Feng 2014) . In this study, we have identified a serine protease gene with a clip-domain (AccSp1) from A. cerana cerana that is more closely related to AmSp1 than to homologs in other species in phylogenetic analysis, although little is still known about the functionality of AmSp1. Our observations revealed the molecular characteristics, expression patterns, and functions of AccSp1: it participated in development of bees, resists abiotic stresses, promotes the survival of adults against Bb infection, impacts the activities of PO and antioxidative enzymes (SOD, CAT, and POD), and modulates the content of antioxidant metabolites (H 2 O 2 , malondialdehyde) during the innate immunity process. These findings provide a useful basis for studying further the protein mechanisms of immune defenses.
